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Hufnagel (1) has devised a surgical procedure for altering the abnormal pattern of blood flow in aortic insufficiency. A plastic ball valve is inserted in the thoracic aorta, immediately distal to the left subclavian artery. This prosthesis prevents regurgitation of the blood traversing it, estimated to be approximately 75 per cent of the total cardiac output (2) (Figure 1 ). Blood flow above the valve, in the coronary, carotid, and subclavian systems remains regurgitant.
To date, over twenty-five patients have been treated successfully in this manner (3, 4) . Clinical observations suggest that patients with severe aortic insufficiency and varying degrees of cardiac decompensation benefit markedly by this operation, showing postoperatively increased exercise tolerance and clearing of the signs of heart failure. The present study was undertaken in order to demonstrate objectively the alterations in circulatory dynamics produced by the valvular prosthesis.
MATERIAL AND METHODS
Nine patients (see Appendix) with severe aortic insufficiency as an isolated valve lesion were studied pre-1 Presented in part at the Forty-fifth Annual Meeting of the American Society for Clinical Investigation, Atlantic City, New Jersey, May 4, 1953.
2 Sponsored in part by the Veterans Administration and published with the approval of the Chief Medical Director. The statements and conclusions published by the authors are a result of their own study and do not necessarily reflect the opinion or policy of the Veterans Administration.
operatively and from 14 to 36 days postoperatively. All preoperative studies were carried out after several weeks of medical treatment in the hospital. The procedure of study was as follows:
Each patient fasted from midnight. Approximately 20 minutes before being brought to the laboratory they received 200 mg. sodium pentobarbital (Nembutal) orally.
Using local procaine anesthesia, a Cournand catheter was passed to the right heart under direct fluoroscopic control. The zero level for all right heart pressures was 5 cm. posterior to the angle of Louis. After recording the pulmonary arterial pressure, the catheter was withdrawn to the cavity of the right ventricle and left in place. In one patient (L. F.), the catheter was withdrawn to the right auricle because of the occurrence of premature ventricular contractions. This was the only case in which an ectopic rhythm was observed. In another (H. S.), the catheter could not be passed to the right heart; hence, direct Fick cardiac outputs were not obtained in this case.
A 15 gauge Robb type needle 5 cm. in length (5) was inserted through procainized skin into the femoral artery. The ample bore of this needle permitted unrestricted flow and adequate sampling when obtaining dye concentration curves.
Cardiac output was determined by the direct Fick method. Inspired air volume was measured from a Tissot spirometer (filled with room air) over a threeminute period. Expired air samples were collected in Douglas bags and their oxygen content determined immediately by a Pauling oxygen analyzer.3 Oxygen consumption was calculated from expired air oxygen concentration, room air oxygen concentration, and inspired air volume corrected for temperature and barometric pressure. During the second minute of the three-minute air sampling period, simultaneous blood samples were drawn slowly from the right heart and femoral artery into oiled syringes. These were capped with mercury, kept on ice, and within three hours were analyzed for arteriovenous oxygen differences in a quartz spectrophotometer 4 by the method of Hickam and Frayser (6 The injection of T-1824 dye into the right heart, and arterial sampling were modified from the method of Werko and his associates (7) . The precise amount of dye delivered through each catheter into the right ventricle was determined by an in vitro injection. In every case, the same catheter used in the preoperative study was used in the postoperative study, and in each instance the approximate position of the catheter in the right heart was duplicated in the postoperative procedure. All blood samples were collected in paraffined tubes each containing a drop of one per cent heparin. In four cases, during the postoperative study, dye concentration curves were obtained from the brachial artery simultaneously with the femoral dye curves. The mean circulation times were obtained from the dye concentration curves by the method of Hamilton, Moore, Kinsman, and Spurling (8) .
After obtaining the dye curve, additional arterial samples were obtained at 10, 15, and 20 minutes after the injection of dye, for determination of plasma volume (9) . Total blood volume was calculated from the plasma volume and arterial hematocrit. PLASTIC VALVE IN EIGHT CASES In each instance the femoral pressures are altered towards normal, while the pulse pressure in the brachial artery is widened. In patient M. H., the preoperative brachial pulse pressure is slightly wider than the preoperative femoral pulse pressure. At operation a slightly coarcted area was found in the descending thoracic aorta which did not interfere with normal aortic blood flow. No collateral channels had developed, and this segment was left intact, the prosthesis being placed proximal to it. functioning effectively. In each instance, the pressure pulse contour characteristic of free aortic regurgitation before operation was replaced after operation by a contour which appeared normal (Figures 2 and 3) . Whereas the femoral arterial pulse pressure decreased toward normal, the brachial arterial pulse pressure widened postoperatively, due to both a decrease in diastolic pressure and (with one exception, S. E.) an increase in systolic pressure.
The configuration of the postoperative femoral arterial pressure pulse was of interest in that in most cases, a peculiar and variable notching occurred, perhaps due to closure of the rigid ball valve ( Figure 4 ).
Cardiac output and stroke volume
In six cases, the cardiac index increased postoperatively by from 19 to 77 per cent of the preoperative values (Table I ). The two exceptions were S. E., who exhibited no significant change, and T. D., who showed a decrease of 34 per cent in cardiac output. In S. E., the preoperative values may have been falsely high because of evident apprehension during the experimental procedure. For a similar reason the preoperative cardiac output in patient T. D., may not represent a basal value. His cardiac index preoperatively was the highest recorded in the eight cases studied, and the difference in the pre and postoperative cardiac output determinations lay entirely in the oxygen consumption, the arteriovenous oxygen difference actually decreasing postoperatively.
An increase in cardiac output usually was associated with both increase in oxygen consumption and a decrease in A-V oxygen difference. The exception to this was L. F., who exhibited a fall in oxygen consumption postoperatively, al- 3. Right heart pressrscs Of the seven cases in wNlhicll riglht heart pressures were measturel Ino chainge was observed in four while postoperatixve decrea.ses were observed in three (W. A., S. E., and T. D., Table I ). These were the only ones exhibiting elevations of right heart pressure preoperatively. In the case of T. D., the preoperative pulmonary artery-pressure was 76/30 mm. Hg, andl although the postoperative pressure was obtained in the right ventricle, it was significantly lower thani the preoperative right heart pressure in the face of a nmarked decrease in l)ostoperativ'e car(liac otutput. S. E. showed no significant alteration in cardiac index. yet there was a postoperatixe fall in right heart presstire. These observations may be further evidence that the preoperative c-ardiac outputs in these two cases (lo not represenit basal values.
T-1824 dye concentra1 tion crvzes
The alterations in shape of (lve concentration curves obtained in the femoral artery in eight cases are shownNIl in Figure 5 . WVith one exception, the postoperative (lye curve is steeper an(l imiore rapid than the preoperative curve. The exception is patient S. E., the only patieilt of this group wlho dlid not show a postoperative increase in cardiac outputi or a plostoperative increase in brachial artery sy-stolic pressure. 'Mean circulation timies calculated frolmi these ctrves are sutm1i-mllarize(l in Table I . Thle greatest reductioins inl mlean circtulatioI1 time occtirredl in the l)atien)ts whlo slhowN-ed the most abnormal lpreol)erative values (XV. A., L.F.).
In fotir cases postoperatively, tlve transit cuirves wN-ere dletermiinede simultaneously in both the femoral and the brachial arteries ( Figure 6 postoperatively corresponded to those in the femoral curve.
Blood volume
In all of the eight cases studied the arterial hematocrit was lower postoperatively. The reduction varied between 3 and 8 mm., except for patient W. J., whose hematocrit fell 16 mm. (Table  I) . Despite this constant finding there was no significant trend in total blood volumes, a slight postoperative rise occurring in three cases and a fall in five. DISCUSSION The cardiac output determinations and dye injection curves implied that the operation resulted in improved cardiac function. Cardiac output, cardiac index, and effective stroke volume were significantly increased in six of eight cases, postoperatively. Dye injection curves obtained from the brachial artery postoperatively showed a definite return toward normal in shape and duration corresponding to the alterations occurring in the femoral curves. Thus, the improvements in the femoral dye curves were not-due to the gorrection of regurgitation, per se, since this improvement also was noted in the regurgitant brachial artery. (10) showed that in hypertensive heart and aortic valvular disease with left ventricular dilatation, prolonged mean dye circulation time (calculated, however', by a different method) correlated in part with increased diastolic volume of the heart. Gernandt and Nylin (11) had previously demonstrated the direct relationship of prolonged circulation time to the residual volume in the dilated left ventricle. It might be inferred, therefore, that-decreases in mean circulation time in patients with left ventricular dilatation are due to decreases in the diastolic volume of their hearts. However, of the nine cases in this series only one (W. A.) showed a detectable diminution of diastolic heart size roentgenographically at the time that the postoperative studies were carried out, although longer term follow-ups revealed decreased heart size in all cases (4) . This apparent inconsistency can be resolved by the explanation that a steeper dye curve of shorter duration may be due not only to ad decrease in the diastolic volume of the ventricle, but also to a decrease in the residual volume of the ventricle at the end of systole. If the ventricle empties more completely with more vigorous con-, traction, there will be less pooling of blood in the ventricle to delay the passage of the dye.
Newman and his colleagues (12) believe that the'character of the downslope of the dye injection curves obtained in the manner described is chiefly a function of pulmonary blood volume. The alterations in the postoperative dye curve observed in our patients might thus be attributed to a decrease in the volume of the pulmonary vascular bed. However, prior to surgery, intensive medical therapy had rendered our patients as free as possible of clinical congestive heart failure. The studies of Gernandt and Nylin ( 11 ) and of Borden, Ebert, Wilson, and Wells (10) indicate that the prolonged circulation time in heart failure depends on the amount of residual blood in the heart, and only to a slight extent on the degree of congestion. Hamilton recently has criticized the validity of the calculation of pulmonary blood volume from the slopes of dye curves (13) .
The concept of more complete left ventricular emptying following operation also provides an explanation for 'the higher systolic and lower diastolic pressures in the regurgitant brachial artery, seen after as compared to before operation. More efficient systolic contraction would by increasing stroke volume raise the systolic pressure in the brachial artery. More complete emptying would provide a greater pressure gradient from the regurgitant artery to the ventricle in early diastole, thereby lowering the brachial diastolic pressure.
SUMMARY AND CONCLUSIONS 1. The insertion of a plastic valvular prosthesis in the thoracic aorta, in nine patients with severe aortic insufficiency, successfully prevented regurgitant blood flow below the prosthesis.
2. In most instances, this resulted in improved cardiac function as evidenced chiefly by an increase in cardiac output and effective stroke volume, and a decrease in mean dye circulation time.
3. On the basis of the observed data, a possible sequence of events has been suggested as a mechanism by which more effective left ventricular contraction results from reduction of the absolute volume of regurgitation.
APPENDIX
Brief Case Summaries 1. M. H., a 31 year old colored female, had acute rheumatic fever at age 5. At age 20 she experienced the onset of progressive dyspnea on exertion, orthopnea and paroxysmal nocturnal dyspnea for which she was digitalized. Two years prior to admission she developed angina pectoris which became progressively severe. There was marked enlargement of the left ventricle. She had the murmur of free aortic regurgitation with an Austin-Flint murmur and a ventricular diastolic gallop rhythm.
On September 11, 1952, she had a plastic valvular prosthesis inserted in the thoracic aorta, and a left thoracic sympathectomy. The postoperative course was uneventful and by two weeks following surgery there was a marked diminution of the intensity of the aortic diastolic murmur, the Austin-Flint murmur and the ventricular gallop rhythm. Thirteen months after operation she was well and working full time. She was taking no digitalis, but her requirements for nitroglycerin had not significantly decreased.
2. W. A. was a 50 year old white male with central nervous system and cardiovascular syphilis. Five years before operation he developed exertional angina, and three years later progressive and incapacitating dyspnea on exertion and ankle edema. He was treated with digitalis and frequent mercurial injections. In preparation for surgery, a diuresis of approximately 40 pounds was necessary. There was marked left ventricular enlargement. He had the murmur of aortic insufficiency, a prominent Austin-Flint murmur, and a loud ventricular diastolic gallop. His liver was palpable but there was no peripheral edema in the immediate preoperative period.
A plastic ball valve was inserted in the descending thoracic aorta on December 2, 1952, and a left thoracic sym-pathectomy was performed. Postoperatively, the only complication was a transient azotemia with aggravation of previously existing paranoid tendencies. One month following operation there was a demonstrable decrease in heart size. Five months following operation he was completely asymptomatic and not taking digitalis. He did not adhere to his prescribed medical regimen. Nine months following operation he had paroxysmal auricular fibrillation, lapsed into frank congestive heart failure and developed marked azotemia. He died suddenly and autopsy disclosed multiple infarcts of mesentery, kidneys and lungs, and pyelonephritis. The plastic valve was intact.
3 A plastic valvular prosthesis was inserted in the thoracic aorta on February 6, 1953 . Left thoracic sympathectomy was also performed. Although his postoperative course was complicated by a persistent pleural effusion, one month postoperatively there was a marked decrease in the patient's nitroglycerin requirements and a decrease in the intensity of his aortic diastolic murmur. At the time no decrease in the heart size was demonstrable by x-ray examination. He was well and working, requiring no nitroglycerin, when he suddenly expired nine months after operation. The valve was intact but other autopsy findings are not known at this time.
5. S. E., a 52 year old white male, had acute rheumatic fever at age 11. One and X years prior to operation he noted progressive dyspnea, on exertion, orthopnea and palpitation. He was treated with quinidine for a tachycardia the nature of which is unknown. He was digitalized but had taken digitalis only sporadically before entrance into the hospital for surgery. He had been unable to work for one year. There was no history of angina or ankle edema. He had the murmur of free aortic regurgitation, with an Austin-Flint murmur and a ventricular diastolic gallop rhythm. In addition, there was a faint systolic murmur in the apical region which was thought to possibly represent a mild degree of mitral insufficiency. The liver was palpable two centimeters below the right costal margin and nontender. There was no edema. A marked degree of left ventricular enlargement was evident by x-ray examination.
A valvular prosthesis was inserted in the thoracic aorta on March 30, 1953, and a left thoracic sympathectomy was performed. The postoperative course was uneventful, and by one month a definite decrease had occurred in heart size by x-ray examination. In two months the patient was taking no digitalis, and there was a marked diminution in both his aortic diastolic and Austin-Flint murmurs. The ventricular gallop was present but diminished. Nine months after operation he was working and apparently well.
6. L. F. was a 46 year old white male, the etiology of whose heart disease was in doubt. There was no history of rheumatic fever or equivalents. Two years prior to admission lues was diagnosed and treated with penicillin. One year prior to admission he noted the onset of progressive dyspnea on exertion and angina pectoris, requiring eventually 8 to 10 nitroglycerin tablets daily. He was not digitalized until one week prior to admission, at which time there was marked enlargement of the left ventricle and a slight degree of pulmonary congestion on the chest film. There were occasional premature ventricular contractions. Physical examination revealed the murmur of free aortic regurgitation with an Austin-Flint murmur and a ventricular diastolic gallop. There was no peripheral edema.
He 9. T. D. was a 40 year old colored male with a history of antiluetic therapy in 1939. In 1952 he noted rapidly progressive dyspnea with paroxysms at night. Six months prior to surgery there were two episodes of acute pulmonary edema. At the time of operation he had been digitalized for one year, and had required many injections of mercurial diuretics. He had a loud "cooing dove" type of aortic diastolic murmur, a normal sinus rhythm, and marked cardiomegaly with the roentgenographic appearance of aneurysmal dilatation of the left ventricle.
On April 17, 1953, a plastic valve was inserted in his thoracic aorta which was markedly thickened. A left thoracic sympathectomy was also performed. There were no postoperative complications. Although there has been no essential change in the aneurysmal configuration of the heart by x-ray, nine months following operation the patient was on a regular diet, receiving no digitalis or diuretics, and there were no signs or symptoms of congestive heart failure. He has been noted to have occasional bouts of frequent premature ventricular contractions which have not been treated.
